In this work a high sensitivity optical fiber humidity sensor (OFHS) is presented. The configuration chosen for this purpose is a cladding-etched single mode optical fiber (CE-SMF) coated with a thin film of tin oxide (SnO2). The etching has been made using hydrofluoric acid (HF) and the coating has been fabricated by means of sputtering. Tin oxide was used to build the nano-coating which produces the Lossy Mode Resonance (LMR) and works as sensitive material. Theoretical and experimental results are shown and compared. The device was tested using a climatic chamber in order to obtain the response of the OFHS to relative humidity. Changes greater than 130 nm have been obtained for relative humidity varying from 20% to 90%, which gives a sensitivity of 1.9 nm/%RH.
Introduction
Optical fiber humidity sensors (OFHS) offer several advantages over electronic humidity sensor like small size, lightness, the possibility of working on flammable environments and, the most important, their electromagnetic immunity. Other important advantage of OFHS over electronic humidity sensor is the possibility of working at higher temperature and pressure ranges.
It can be distinguished different ways of measuring relative humidity with an OFHS. The first way would be by amplitude based techniques which consist of measuring changes in the transmitted optical power caused by changes on the optical absorption or on the refractive index of the coating [1, 2, 3, 4] . The other way is named wavelength based techniques, which overcome the limitations of the previous technique, such as external noises or power fluctuations [5] . Other techniques include measuring shifts on the phase of the light or measuring the state of polarization, but these methods require more complex setups.
For wavelength based techniques, transmission bands or absorption peaks in the transmission profile should be achieved in order to measure changes on the wavelength where that absorption peak is placed. Absorption peaks could be achieved using several structures, such as long period gratings [6] , photonic crystal fibers [7] or interferometric structures [8] ; and transmission bands could be achieved, for example, using a single mode-multimode-single mode structure [9] . Most of these structures generate an absorption peak at certain wavelength by creating a grating on the core of the optical fiber, modifying its refractive index or with interferometers. These structures present some desirable characteristics, such as small spectral width of the attenuation band. On the other hand, the maximum wavelength shift of these devices is around 5 nm [7, 8] . Another method for achieving an absorption peak is the generation of Lossy Mode Resonances (LMRs).
LMRs are electromagnetic resonances that are generated by some materials deposited over a waveguide. Then, coupling of light to the cladding modes happens at certain resonance wavelengths, without modifying the refractive index of the core, provided that the material meets the requirements for its generation. This condition is that the real part of the thin-film permittivity is positive and higher in magnitude than both its own imaginary part and the real part permittivity of the materials surrounding the thin-film [10] . There is a wide variety of materials that can be used to generate LMRs, e.g., polymers and semiconductors, allowing fabricating optical fiber sensor for multiple applications [10] [11] [12] [13] [14] [15] [16] [17] . Generation of LMRs on single mode optical fiber (SMF) has generally been done with tapered optical fibers [17, 19] as the way to get access to the evanescent field. In this work a cladding-etched single mode optical fiber (CE-SMF) coated with a nano-coating has been used for the fabrication of the OFHS. Etching the optical fiber has some advantages over conventional tapered optical fibers, like providing a much more repetitive process from the point of view of the physical parameters of the resultant taper. The main difference between tapered and cladding etched optical fiber is that in the first case both the cladding and the core are narrowed, maintaining the relation core/cladding, whereas in the second case only the diameter of the cladding is reduced [20] [21] [22] . Development of adiabatic tapered optical fibered by means of chemical etching has been previously studied [20, 21, 23] and some theoretical approaches can be seen in [24] . There are also some OFHS that have employed chemical etching, for example, to improve the sensitivity of some interferometric devices [6] , or to taper a plastic optical fiber and then, by adding an appropriate coating [3, 4] , to develop an evanescent wave OFHS, generally based on changes on the optical absorption or the refractive index of the coating which leads to changes on the transmitted optical power. Chemical etching has been also applied to other structures as long period gratings optical fibers in order to improve their sensitivity [25] . Here, a nano-coating has been coated onto the CE-SMF in order to achieve the LMR which allows to measure changes in the wavelength where the LMR occurs.
The material that has been chosen for the fabrication of the nano-coating is tin oxide (SnO 2). The etched optical fiber was coated with this material by means of sputtering because it is a method that provides homogeneous films with good control of the thickness deposited. Tin oxide has a relatively high refractive index; it is sensitive to changes on the relative humidity and besides it meets the requirements for generating LMRs. Several materials have been previously studied as LMR generators and as humidity sensors, most of them coating a plastic cladding removed optical fiber (200 µm), such as PAH/PAA [26] , ITO [27] , In2O3 [29, 30] , TiO2/PSS [13] and SnO2 [30] etc. obtaining the best sensitivity for [13] , with values of 0.4 nm/%RH, 0.833 nm/%RH, 0.133 nm/%RH, 0.935 nm/%RH, 1.43 nm/%RH and 0.107 nm/RH respectively. Devices developed in previous works have been fabricated by dip-coating and a post-annealing process or by Layer-by-Layer assembly, which are slow methods and they also present some dependence on the environmental conditions. Furthermore, polymeric coatings present greater hysteresis and higher response times than the device developed here.
The device developed in this work improves the sensitivity of previous devices [6-8, 13, 26-30] , it is relatively simple to fabricate and it has a smaller FWHM than other devices based on LMRs [17, 26] . Besides it has short response times, good linearity and low hysteresis. To our knowledge, this is the first time that a cladding-etched single mode fiber is used for the fabrication of a Lossy Mode Resonance sensor. The manuscript is organized as follows: firstly, in section II, the structure, the fabrication of the device and the experimental set-up are analyzed. In section III the theoretical results, obtained with FIMMWAVE ® software, are shown and explained. In section IV the device performance is discussed, and finally some concluding remarks are exposed in Section V.
II. Device Fabrication
A. Chemical etching For the chemical etching, hydrofluoric acid (HF) diluted at 40% (Sigma-Aldrich) was used. Then the SMF (9/125μm, core/cladding diameter) purchased from Telnet RI, with 5 mm of the buffer removed, was immersed in the HF. When the external diameter reaches 60 µm, the etched SMF was washed with water to remove all the HF. Next step is to immerse the SMF in 20% diluted HF to have fine control on the etching process until the external diameter reaches 19 µm. This diameter has been proved to be good enough for getting access to the evanescent field and obtaining the LMR. Finally it was washed again with water to remove the HF and it was attached to a U-holder to keep the fiber straight for next steps. The cladding-etched optical fiber can be seen in Fig. 1 .
B. Sputtering Coating
The CE-SMF was introduced in the vacuum chamber of the sputtering machine, which was a Pulsed DC-Sputtering System (Nadetech Inc.) and coated with tin oxide (SnO2). The SnO2 target, 99.99% of purity, was purchased from ZhongNuo Advanced Material Technology Co. The sputtering process was done at 9x10-3 mbar and 180 mA and when half of the time has been completed (6 minutes), it has been turned 180º and coated for other 6 minutes. The thickness of the coating has been estimated by means of an AFM (Veeco Innova model 840-012-711) to be 140 nm for device D1. This thickness causes a LMR located at 1550 nm. If the thickness of the SnO2 decreases the LMR shifts to lower wavelengths due to its sensitiveness to the surrounding medium refractive index [5, 19] . On the other hand, if the thickness increases the LMR shifts to greater wavelengths until disappear, and other LMR will appear. Second LMR is less sensitive than the first, and so on. That will be demonstrated by developing other devices, D2 to D4, coated by a DC Sputtering System (Quorum K750X) at 9x10 -2 mbar and 90 mA. Thickness of device D2 is 275 nm, thickness of device D3 is 250 nm, while D4 has a coating thickness of 650 nm, which means that the third LMR has appeared. In Fig.2 it is shown the refractive index of the coating which has been measured by ellipsometry (Uvisel 2, Horiba). For the wavelengths where the device works the coating has a refractive index of 1.92 and a low extinction coefficient. 
C. Experimental Set-up
When the sensor was fabricated, the optical fiber was spliced to SMF pigtails connected to the light source and the optical spectrum analyzer (OSA). The light source HP-83437A was a superluminescent emitting diodes (SLED) white light source which has four LEDs at 1200, 1310, 1430 and 1550 nm and the OSA was the HP-86142A. The optical fiber was introduced in a climatic chamber (Angelantoni ACS CH 250), where the relative humidity has been increased from 20% to 90% at a constant temperature of 25 ºC. The experimental set-up is shown in Fig.  3 . 
III.

Simulations
In this section the results obtained by simulations with FIMMWAVE® software are shown. Different parameters have been taken into account for these simulations. On one hand, we have simulated how the device would behave for different optical fiber diameters with the same thickness of tin oxide. Diameter of the optical fiber has been swept from 10 µm to 30 µm (core and cladding) while the tin oxide thickness was kept at 280 nm. This diameter range has been chosen for a better understanding what role it plays on the performance of the device. Tin oxide thickness has been chosen for having a LMR in the OSA wavelength range. For simulating the effect of humidity on the thin film different layers of water have been added (0, 25 and 50 nm).These theoretical results show that optical fiber diameter have not noticeable effect in the device sensitivity, but it has on the attenuation of the LMR. These results are shown in Fig. 4 . For diameters greater than 20 µm the LMR is almost imperceptible and for diameters thinner than 16 µm the attenuation exceeds 40 dB (Fig. 4 b) ). In Fig. 4 c) it also can be observed than the sensitivity does not depend on the optical fiber diameter. Other interesting conclusion extracted from simulations is one related to coating thickness. Now variable thickness of tin oxide has been checked (140 to 300 nm). Three different radius of the optical fiber (8.6, 9.6 and 10.6 um) have been used for simulating the effect of coating thickness on the sensitivity of the device. These results show that as the coating thickness increases the sensibility of the device decreases. However, the device has greater sensitivity for a given LMR when it is placed at greater wavelengths. Fig. 5 shows this theoretical results.
Fig.5.-Theoretical sensitivity for three different diameter of the CE-SMF, with variable coating thickness
Some design rules can be extracted from this simulations. Optical fiber diameter should be chosen regarding the wanted attenuation of the LMR. Optimum thickness of the coating depends on its refractive index, but maximum sensitivity of the device will be reach having the first LMR located at the greatest wavelength as possible, taking into account its displacement and the OSA range.
IV. Experimental Results
Humidity response
The OFHS was introduced in a climatic chamber from Angelantoni Industries (ACS CH 250) where several cycles of 20% to 90% relative humidity (RH) were applied while the temperature was keep constant to 25 ºC. The slope was 1.16 % RH/min.
The construction was stopped when the first LMR was placed at a spectral position which was inside the range of the OSA. The position of the LMR wavelength varies as the refractive index of the external medium changes [3, 16] and by varying the relative humidity, the refractive index of the external medium as well as the refractive index of the SnO2 coating varies. The change of the refractive index of the coating is explained by the adsorbed water on the oxide surface [27, 28] that occurs within the SnO2 structure. Characterization of the device has been made acquiring the relative humidity of the climatic chamber, by means of an electronic sensor, and collecting the optical spectrum at the same time. Then, the relationship between RH and the wavelength position of the LMR was established.
Changes on the spectrum have been collected at the same time that the relative humidity changed and they are shown in Fig. 6 . There is a wavelength shift of the position where the LMR occurs. The LMR shifts to greater wavelengths as the relative humidity increases, because of its sensitivity to the surrounding medium relative humidity. As it can be seen the device shows good repeatability and low hysteresis. A wavelength shift of 136 nm has been achieved for a relative humidity change from 20% to 90 %. The FWHM of the LMR is 93 nm.
In Fig. 7 , the LMR wavelength and the humidity are plotted as a function of time in the repetitive humidity cycles experiments. For the calculus of the LMR wavelength the spectra has been approximated by a quadratic fitting to a parabola and then, the wavelength position of the vortex has been located. These calculations were made using MATLAB ® software. This graph shows how the LMR starts at 1525 nm at 21.5% RH, and how it reaches 1650 nm at 88.13% RH, achieving a total shift of 125 nm.
Fig. 6-a) Optical spectra for four cycles of 20%-90% RH, b) relative humidity cycles inside the climatic chamber and c) optical spectra for some values of RH
In Fig. 8 a) , the characterization of the three OFHSs (D1, D3 & D4) is plotted, which shows the relationship between relative humidity and wavelength shift. Device D1 shows low hysteresis; lower than 5% RH in the full measurement range and almost zero for the 25-60%RH range, and an average sensitivity of 1.9 nm/%RH. For the device D3, with 280 nm of tin oxide coated onto the CE-SMF similar test was performed.
As it has been shown in simulated results, the second LMR has lower sensitivity to relative humidity changes. Experimental results shown a sensitivity of 0.75 nm/%RH, very low hysteresis and good linearity. Last device (D4) shows a sensitivity of 0.47 nm/%RH. Finally, in Fig. 8 b) it is shown how for the same LMR the sensitivity depends on the wavelength position of the LMR, obtaining a sensitivity of 0.882 nm/%RH for device D2, that has the second LMR located at 1570 nm, improving the sensitivity of device D3, which has the same LMR located at 1400 nm. These results are in good agreement with simulations and validate the model employed.
Influence of temperature
In order to obtain the cross thermal sensitivity of the device it has been used the same experimental set-up of Fig.3 , but the relative humidity has kept constant while the temperature was changed from 20 to 50ºC in 5ºC steps. Changes in temperature took 10 minutes while stabilization time was fixed at 30 minutes for the climatic chamber. This test has been performed for device D3 at 20% RH and the results are shown in Fig. 9 . As it can be seen, the LMR wavelength shifts 2 nm to lower wavelengths as the temperature increases from 20 to 50ºC. This response is nonlinear. Sensitivity to temperature is 0.066 nm/ºC, and cross thermal sensitivity is 0.08 %RH/ºC. Finally, another experiment was carried out to check how the temperature might affect to the sensitivity of the device. Another OFHS was subjected to 20-90 %RH cycles at three different temperatures: 20, 35 and 50ºC. Sensitivity of the device does not seem to be greatly influenced by temperature as it can be seen in Fig. 10 b) and c), although there are changes on the initial wavelength position of the LMR. Temperature affects mainly to the attenuation of the LMR. Optical spectra for 20 %RH and 90 %RH at three different temperatures (20, 35 and 50ºC) are shown in Fig. 10 a) . Finally, in order to see the response time of the device a 1550 nm laser (Rifocs) and a power meter (Rifocs 575 L) have been used. It has been necessary to change the set-up for measuring the response time due to the large data acquisition time of the OSA and the relatively slow slope of the climatic chamber. Low flows of wet air were applied to the OFHS and the relative humidity was measured by an electronic humidity sensor (HIH 4000, Honeywell). Data were acquired by a data logger (Agilent 34972A). The experimental set-up for measuring the response time is shown in Fig. 11 .
Response time
By selecting a wavelength (1550 nm) of the data acquired previously, it is possible to know the relationship between the optical power transmitted and the relative humidity. Changes in the optical power transmitted have been converted to changes in relative humidity, thanks to previous characterization of the device. The device presents a rise time of 1.52 second and similar fall time. The OFHS has smaller response times than the electronic humidity sensor, which is especially pronounced in the case of the fall time. Experimental data are shown in Fig.  12 . Thickness has not noticeable effect on the response time for range studied in this paper. Parameters as maximum relative humidity, time of exposure or other parameters that have some influence on the roughness of the coating, as sputtering pressure [31] , seems to have greater effect on the response time. A high sensitivity optical fiber humidity sensor has been fabricated by means of sputtering based on LMRs, by coating an etched single-mode optical fiber with a semiconductor material, tin oxide. Tin oxide has proved that it is a good material for LMR generation and for humidity sensing. This optical structure can be used for multiple sensing purposes, just choosing the appropriate material which meets the requirements for LMR generation and that is sensitive to the variable of interest, like biomedical sensors [14] , pH sensors [19] , refractometers [13] , electro-optical devices [15] , etc.
V. Conclusions
Optical fiber diameter has not influence on the sensitivity, but it has on the attenuation of the LMR. A minimum diameter of 30 µm is needed for obtaining the LMR, although the attenuation band is smaller than 0.3 dB, which may difficult the detection of the peak. Greater sensitivities have been obtained for the first LMR (140 nm of tin oxide coating), and the greatest when the first LMR is placed near 1550 nm. Sensitivity decreases with the order of the LMR, but it increases with the wavelength where the LMR is placed for a given LMR. Temperature might affect the attenuation of the LMR and the initial wavelength of the LMR but it does not have noticeable effect on sensitivity.
Maximum wavelength shifts of 130 nm have been achieved for relative humidity values varying from 20% to 90%, which implies a sensitivity of 1.9 nm/%RH. The OFHS shows good repeatability, low hysteresis, and also it presents larger dynamic range and better sensitivity, 35% greater than the better found based on LMRs [17] and 200% greater than other devices [8, 18, 28] . 
